The regional cerebral distribution pattern of [99mTc]-d,I-HM-PAO in rat brain was studied by autora diography. The regional cerebral uptake of this tracer is related to regional cerebral blood flow (rCBF); however, the ratio of retained radioactivity (determined by digital imaging techniques) in gray matter compared to white Address correspondence and reprint requests to Mr. T. J. Hoffman at Harry S. Truman Veterans Administration Hospital, Research Service-lSI, 800 Hospital Drive, Columbia, MO 65201, U.S.A.
Several 'V-emitting tracers have been developed to assess regional cerebral blood flow (rCBF) ab normalities in patients with single photon emission computed tomography (SPECT). In order to per form rCBF studies by tomographic imaging with conventional SPECT instrumentation (i.e., rotating 'V cameras), the single pass extraction efficiency of the tracer must be high and its retention at the initial site of uptake must be sufficiently long for data ac quisition (i.e., �20-30 min). The clinical utility of [123I]-amines (Winchell et aI., 1980; Kuhl et aI. , 1982; Kung et aI., 1983; Drayer et aI. , 1983; Hill et aI., 1984) , which have prolonged retention for eval uating rCBF disorders in humans, has been well documented; however, significant redistribution of radioactivity does occur within 1 h after injection (Lucignani et aI., 1985; Creutzig et aI., 1986 ).
[2 0 1Tl]-Diethyldithiocarbamate (DDC) also exhibits high uptake and long-term retention in brain (Vyth et aI., 1983; Bruine et aI., 1985) ; however, 2 0 1Tl physical decay properties limit its routine applica tion in humans.[99mTc]-d,I-HM-PAO has also been shown to be efficiently trapped in brain with no measurable redistribution for prolonged times in hu mans (Holmes et aI., 1985; Lassen et aI., 1987 ). Its regional cerebral uptake pattern was also shown to be related to rCBF (Hoffman et aI. , 1987a; Lear, 1987) and its use as a rCBF agent in patients has been demonstrated (Holmes et aI., 1985; Podreka et aI., 1987; Holmes et aI. , 1987; Lassen et aI. , 1987; Yonekura et aI. , 1988) .
The purpose of this study was to evaluate the distribution of [99mTc]-d,l-HM-PAO in localized ar eas of rat brain by autoradiography (ARG). The possibility of intracerebral redistribution as a func tion of time postinjection (p.i.) was evaluated.
MATERIAL AND METHODS

Preparation and analysis of the chelates
Both d,l-and meso-HM-PAO (4,8-diaza-3,6,6, 9-tetramethylundecane-2,IO-dione bis-oxime) were syn thesized and characterized by Amersham International (Neirinckx et aI., 1987a) . Each ligand (l mg/m!) was dis solved in 0.9% NaCl solution containing O.OIM NaHC03 at pH 7-8. [99mTc]-pertechnetate (20-150 mCi, 740-5550 MBq) was obtained from a sterile, commercial 99Mo/ 99mTc generator (Medi-Physics, Inc. Richmond, CA., U.S.A.) and added to 2 ml of the ligand solutions. Com plexes giving yields greater than 90% were produced by adding 0.05-0.1 ml of a fresh saturated solution of stan nous tartrate purged with Nz. Since less than 10% of the lipophilic [99mTc]-d,I-HM-PAO and [99mT c]_ meso-HM-PAO chelates decomposed during the 15 min following preparation (Hung et aI., 1987) , all animals were injected within 15 min of the chelate formation.
Chemical purity of [99mTc]-d,I-HM-PAO and [99mTc]-meso-HM-PAO was determined by paper (Nei-rinckx et ai., 1987a) and high pressure liquid chromatog raphy (Hung et ai., 1987) . Less than 3% of hydrolyzed reduced 99mTc was found on paper chromatography using 0.9% NaCI as a solvent system. A dual pump Waters Model 6000A Gradient HPLC system (Waters Associates Milford, MA., U.S.A.) with attached NaI (Tl) crystal de tector, ratemeter, and Hewlett-Packard Model 3390A in tegrator was used to quantitate the yield of the 99mTc complexes. Separations of the 99mTc species were per formed by using gradient elution as previously described (Hung et ai., 1987 (Hung et ai., , 1988 .
Autoradiography (ARG)
Male Sprague-Dawley rats (250--4 00 g) were anesthe tized with sodium pentobarbital (50 mg/kg i.p.) and their right femoral vein cannulated. Between 40--4 5 mCi (1480-1620 MBq) of [99mTc]-d,I-HM-PAO or [9 9mTc]_ meso-HM-PAO was injected via femoral venous cannula into each anesthetized rat over a 20 s or a 2 min period.
Animals were killed by cervical spine dislocation at 15 s, 5 min, and 60 min postinjection (p.i.) (five animals per time period). The whole brains were quickly removed and frozen in liquid nitrogen. Twenty micron thick serial brain sections were cut at -20°C with a cryomicrotome and mounted on plastic cover slips. The sections were dried and placed on DuPont MRF -31 CT film for 18-20 h before they were developed in a Kodak X-OMAT processor. Digitized ARGs were obtained using an IBM-based digital image analysis system (Hoffman et aI., 1987 (Hoffman et aI., b, 1988 .
Gray/white (G/W) matter optical density ratios were cal culated following measurement of the average optical density of a large area of hemispheric gray matter and white matter, and cerebellar gray matter and white mat ter, respectively, using the technique previously de scribed (Hoffman et aI., 1988) . For these measurements, a series of [14C]-methylmethacrylate standards (American Radiolabeled Chemicals, Inc., St. Louis, MO, U.S.A.) were used on the films to determine the relationship be tween radioactivity concentration and optical density. The optical density (OD) profile thus obtained ensured that experimental OD values were in the range of linear film response (the maximum OD values measured in these studies were �0.5 OD units).
RESULTS
Digitized images of ARGs comparing the regional radioactivity concentration in brain at 15 s, 5 min, and 60 min after i. v. Table 1 ). There is observable [99mTc]-meso-HM-PAO activity re-maining in the brain at 5 min p.i.; however, the concentration of this tracer is similar in both the gray and white matter (except for the cerebellum), with the G/W OD ratio at this time approaching unity (Table 1 ).
The regional cerebral radioactivity concentration of [99mTc ]-d, 1-HM -PAO after i. v. injections shows a considerable amount of inhomogeneity that appears as cortical stripes or columns (Figs. 1A-1C ). Simi lar observations of cortical radiotracer concentra tion inhomogeneity have been made by others (Lear and Navarro, 1987) . The degree of inhomogeneity is not affected by the choice of anesthetic or the radiotracer infusion schedule, since it was equally well observed for injections of <20 s or over a 2 min period. Sections of the cerebral gray matter cut perpendicular to the coronal plane of the cortex indicate that the uptake is columnar (Fig. 3) .
DISCUSSION
Autoradiography has become an important method in radiopharmaceutical research for de scribing and quantitating localization of radiola beled materials in biological tissues (Blasberg et al. , 1981; Som et aI. , 1983) . It is particularly suitable for the study of the regional distribution of diffusible tracers in cerebral tissues (Landau et aI. , 1955; Freygang and Sokoloff, 1958; Sakurada et aI. , 1978; Goldman, 1980; Hoffman et aI., 1987c) and has proven useful for evaluation of [99mTc]_ d,l-HM-PAO as a cerebral perfusion agent (Volkert et aI. , 1986; Neirinckx et aI. , 1987a; Hoffman et aI, 1987c) . The ARGs in Figs. 1 and 2 demonstrate ma jor differences between the retention characteristics of e9mTc]-d,I-HM-PAO and [99mTc]-meso-HM PAO. The primary difference between these two stereoisomers appears to be the relative rapidity and the degree to which the two tracers become fixed in brain tissue (Lassen et aI. , 1987; Sharp et aI. , 1986) . The initial distribution pattern of both isomers (i. e. , at 15 s p. i.) appears to be similar (with the exception of the inhomogeneous uptake of the d,l isomer in gray matter). At 5 min p. i. , much of the [99mTc]-meso-HM-PAO originally extracted by the brain is cleared and only a small fraction is retained. Cerebral structures with high blood flow retain a lower fraction than cerebral tissues shown to have a low blood flow (Sakurada et aI., 1978) . These re sults are consistent with previous reports in humans (Sharp et aI. , 1986; Lassen et aI., 1987) and by Nei rinckx and co-workers (1987b) in which the rate of conversion of the lipophilic chelate to a hydrophilic form was shown to be much lower for the meso isomer than for the d,l isomers. The reasons (Fig. 1A) illus trate the inhomogeneous radiotracer uptake pattern, which is maintained over extended times p.i. as shown in Fig. 1 B (5 min p. i.) and for more efficient trapping of the meso isomer in areas of the cerebellum known to have higher flow relative to other brain areas (Sakurada et al., 1978) is not clear but probably results from an intracellu lar reaction within cerebellar tissue that converts 60 min 2.13 ± 0.04 1.53 ± 0.07 a �mrcl-HM-PAO optical density ratios were obtained by dividing average OD values from hemispheric or cerebellar gray matter by average OD values from hemispheric or cerebellar white matter, respectively.
FIG. 2.
Digitized coronal rat brain auto radio graphs of [99mTc]-meso-HM-PAO. The auto radiographs obtained 5 min p.i. (Fig. 28) il lustrate the poor retention characteristics of this isomer when compared to the initial radioactivity distribution data obtained 15 s p.i. (Fig. 2A) , and the corresponding [99mTc)-d,l-HM-PAO autoradiographs illus trated in Fig. 1A .
this isomer to a hydrophilic form much more rapidly than occurs in other regions of the brain.
In contrast to the meso isomer, the G/W optical density ratios obtained with e9mTc]-d,I-HM-PAO remain high and do not change significantly after 5 min (Table 1) . Even more remarkable is the high degree of retention and inhomogeneity that is main tained for at least 60 min p. i. (Figs. lB and Ie) . This pattern of uptake was previously reported by Lear and co-workers (1987) for [123I]_IMP and was attrib uted to high uptake within and in close proximity to cortical arterioles. Sections of cortical gray struc tures cut perpendicular to the coronal plane ( Fig. 3 ) indicate that these are columns of radioactivity in the cortex. Despite an incomplete understanding of the factors responsible for the inhomogeneous dis tribution pattern, once [99mTc]-d,I-HM-PAO be-comes trapped in brain tissue, intracerebral redis tribution is not detectable by the methods employed in this study. These results are also consistent with reports that no detectable redistribution or loss of [99mTc]-d,I-HM-PAO occurs in SPECT images of patients (Holmes et aI. , 1985; Podreka et aI. , 1987; Holmes et aI. , 1987; Lassen et aI. , 1987) .
A dual ARG study with [99mTc]-d,I-HM-PAO and [14C]-Iodoantipyrine (lAP) indicated that the re gional radioactivity concentration of the 99mTc che late is related to rCBF (Hoffman et aI. , 1987a; Lear, 1988) . The hemispheric G/W optical density ratios of [99mTc]-d,I-HM-PAO decreased from 3. 04 ± 0. 34 at 15 s p. i. to 2. 24 ± 0. 27 and 2. 13 ± 0. 04 at 5 and 60 min p. i., respectively (Table 1 ). These ratios are lower than the ratio of flow (3.15-3.85) in these same regions of the brain (Sakurada et aI. , 1978) . Similar OD ratio results were obtained for G/W OD values of cerebellar gray matter vs. cerebellar white matter ( Table l) . These results may be accounted for by using the three compartment model reported by Andersen et al. (1988) . This model predicts that the amount of efflux of [99mTc]-d,I-HM-PAO from brain tissue is directly related to flow and competes with an intracellular reaction that converts the dif fusible form of the chelate to a nondiffusible hydro philic 99mTc-Iabeled compound that is trapped in cells (Neirinckx et aI. , 1987b) . Because the rate of efflux is dependent upon flow, the G/W optical den sity ratio at 5 and 60 min p. i. is expected to be lower than the 15 s p. i. value.
In summary, ARG techniques were used to de scribe the regional cerebral distribution character istics of [99mTc]-d,I-HM-PAO. These results dem onstrate that the retention of [99mTc]_HM_PAO in regions of cerebral tissue is highly dependent upon J Cereb Blood Flow Me/ab, Vol. 8. Suppl. 1. 1988   FIG.3. [99mTcl-d ,l-HM-PAO autoradiographs obtained 15 s p.i. The sagittal images were obtained by sectioning the brain perpendic ular to the coronal plane at the angle shown in the corresponding coronal autoradio graph. The cortical inhomogeneity that is ev ident on the coronal images appears as focal areas of increased 00, indicating a columnar radiotracer distribution pattern.
the stereochemical form of the chelate, with the d,l isomer becoming fixed in the brain much more rap idly and efficiently than the meso isomer. The in homogeneous pattern of (99mTc)-d,I-HM-PAO lo calization in brain was observed to be columnar in the cerebral cortex and there was no change in this pattern over a period of 60 min p.i. Since the single pass extraction efficiency and the degree of efflux prior to intracellular fixation is flow dependent (Andersen, 1988; Lear, 1988; Lassen et aI., 1987; Matsuda et al. , 1988) , the residual regional cerebral concentration of this chelate may not be directly proportional to the relative flows. Clearly, addi tional research efforts are necessary to understand better the mechanisms and kinetic parameters in volved in the retention of [99mTc]-d,I-HM-PAO so that the clinical utility of this agent may be fully exploited.
